Anagen hair follicle repair (AHFR) is the regenerative scheme activated to restore the structure and hair growth following injuries to anagen hair follicles. Compared with telogen-to-anagen regeneration and hair follicle neogenesis, AHFR is a clinically im- On the other hand, quiescent bulge stem cells can also be activated, but only after more severe injuries and with slower activation dynamics. They show limited plasticity and regenerate part of the outer root sheath only. The dysrhythmic activation might render bulge stem cells susceptible to concomitant injuries due to their exit from quiescence.
| INTRODUC TI ON
Most (~90%) human scalp hair follicles (HFs) are in anagen. [1] The growing HFs are among the most highly proliferative tissues in our body, supporting the continuous elongation of the hair shaft. On average, hair shafts grow about 0.05 cm per day. [2] HFs can encounter various injuries in our daily life, such as infection, [3, 4] inflammation [4] [5] [6] [7] and chemical/mechanical injury. [8] [9] [10] [11] Injury to HFs that disrupts their proliferation can lead to transient hair loss, presenting clinically as increased hair shedding. Despite the diverse damage types growing HFs might suffer from, HFs exhibit an amazing capability to keep the same anagen phase going for more than three decades, reaching 5.75 m in Guinness World record. [12] These observations indicate that anagen HFs are endowed with robust self-repairing machinery. Additionally, HFs can also be injured by therapeutic depilation or due to side effects from other medical treatment. [13] [14] [15] [16] [17] [18] [19] [20] [21] In cancer patients, hair loss is commonly observed after chemo-and/or radiotherapy due to genotoxic injury, suggesting self-repair might fail to counterbalance the damage in time. [17, 18, 21, 22] Understanding how anagen HFs respond to these injuries and how their self-reparative attempts succeed or fail should provide new insight into the development of novel therapies for the treatment of alopecia and more effective depilatory methods. [18, 21, 23] 
| TELOG EN -TO -ANAG EN REG ENER ATI ON AND HAIR FOLLI CLE S TRUC TURE AND CELL DYNAMI C S IN ANAG EN
According to the activation dynamics, stem cells (SCs) of a specific tissue can be divided into a more active population of primed SCs and a less active population of quiescent SCs. [24] [25] [26] In telogen HFs, the two populations of SCs are housed in distinct compartments, with primed SCs in the secondary hair germ and quiescent SCs in the bulge. [27] [28] [29] [30] [31] The regeneration from telogen to full anagen was divided into six stages, from anagen I to anagen VI, as defined by
Chase et al. [32] In anagen I and II, primed SCs in the secondary hair germ are activated first, regenerating the hair bulb and most of the structures in the impermanent lower segment. [27, 28, [32] [33] [34] Quiescent
SCs in the bulge are activated later in anagen III to regenerate part of the outer root sheath that lies immediately below the bulge. [27, 33] The activation of bulge SCs along with the concurrent hyperplasia of dermal adipose tissue [35, 36] is signalled by the cells in the regenerating hair bulb. [31, 37, 38] Compared with primed SCs with extensive proliferation, bulge SCs are only transiently activated with relatively limited proliferation during hair cycles, which renders them labelretaining ( Figure 1A ). [27, 30, 33, [39] [40] [41] 
| CELL S WITH S TEM CELL-LIKE PROPERTIE S IN THE LOWER S EG MENT OF ANAG EN HAIR FOLLICLE S
Below the bulge of anagen HFs, the impermanent lower segment is postulated to contain cells with only transit amplifying nature, that is transit (or transient) amplifying cells, and their differentiated progeny ( Figure 1A ). [30] Such speculation is mainly derived from the relatively short nature of the mouse pelage hair anagen that persists only for about 17 days. [2, 32] It is proposed that anagen is passively terminated when transit amplifying cells become exhausted due to their limited mitotic potential. [30] However, whether the lower segments of anagen HFs contain only transit amplifying cells is debatable. [2, [42] [43] [44] [45] In contrast to the exhaustion theory, it is also
proposed that the duration of anagen can be actively controlled by paracrine signals from the HF and/or the surrounding environment. [46] This is supported by the fact that the duration of anagen, rather than being limited by the mitotic potential of exhausting transit amplifying cells, can be prolonged when inhibitors to anagen growth are removed. [47, 48] In human, the anagen of scalp hair [34, 43] It is also proposed that there is a continuous flow of cells from the bulge towards the germinative zone. [42] DP, dermal papilla; GMC, germinative cell; LPCC, lower proximal cup cell; MXC, matrix cell; ORSC, outer root sheath cell can persist for more than 30 years, [12] which is 600-fold longer than the duration of anagen of mouse pelage hair. 
| S TATI C VS FLOWING DYNAMI C S IN THE LOWER S EG MENT OF ANAG EN HAIR FOLLI CLE
The lineage dynamics in anagen HFs had remained unexplored until recently. Using single-cell labelling and short-term tracing, it is proposed that the lower segment of anagen HFs is maintained by three distinct lineage-specific populations of progenitor cells located in the germinative zone, lower proximal cup and outer root sheath, respectively ( Figure 1B ). [34, 43] Lower proximal cup cell progenitors maintain the basal and suprabasal cells surrounding the outer surface of the hair bulb, and the outer root sheath is also maintained by its own progenitors. The highly proliferative germinative progenitors give rise to internal seven concentric layers of cells through ordered stereotyped differentiation of germinative cells based on their position around the dermal papilla. [2, 34, 43] The heterogeneity of individual dermal papilla cells maintains this highly ordered differentiation pattern via their interaction with opposing germinative cells. [52] In contrast to a "static" positional maintenance of HF basal cells, Oshima et al. [42] suggested that the lower segment is maintained by More importantly, in contrast to the rigid position-specific stereotyped differentiation within the HFs, the flowing model implies that the cells in both the bulge and the lower segment are multipotent. Since the experiments involved surgical damage and cell transplantation, [42] it is unclear whether HF epithelial cells do exhibit such a "flowing" nature in the normal physiological state.
Recently, through lineage tracing and intravital imaging in mouse pelage HFs, it was shown that germinative cells are constantly lost and replenished by cells from the lower proximal cup. [53] These two models, "static" vs "flowing," are seemingly contradictory.
However, it is important to note that single-cell labelling only analysed short-term cell dynamics and cell transplantation employed a longer tracing strategy. [34, 42, 45] Intravital imaging showed that cell movement from the lower proximal cup to the germinative zone is a slow process across several days, [53] which can only be detected by relatively long-term tracing. Therefore, these two models are in essence complementary for anagen growth maintenance. The "static" model is for short-term local cell renewal/replacement in each compartment while the "flowing" model is for long-term global cell dynamics within the HF.
| ANAG EN HAIR FOLLI CLE REPAIR : E ARLY AND L ATE REG ENER ATIVE AT TEMP TS BY PL A S TIC E X TR A-BULG E CELL S IN THE LOWER S EG MENT
Following chemotherapeutic and radiotherapeutic injuries, anagen
HFs exhibit two reactive pathways for regeneration. [18, 20, 21, 23] In face of severe genotoxic injuries that lead to loss of the hair bulb structure, HFs enter a dystrophic catagen pathway, prematurely entering telogen. HFs are regenerated in the following anagen. When
HFs are injured to a lesser extent with preservation of the hair bulb,
HFs initiate a dystrophic anagen pathway and restore the lost structures to resume the same anagen after a transient disruption.
By varying the severity of radiotherapeutic injuries, we revealed two tempospatially distinct regenerative attempts for anagen HF repair (AHFR) in the dystrophic anagen response. [18] Shortly after 2 Gy of ionizing radiation injury, HFs start to repair themselves by initiating the early anagen regenerative attempt within 24 hours. [18] The basal cells, from the lower proximal cup or outer root sheath, in the physiological state, [53] the mobilization of lower proximal cup cells is fastened and extensive during AHFR. [18] Hair loss is minimal when the early regenerative attempt succeeds after 2 Gy of ionizing radiation injury, reflecting the timely advantage of this regenerative strategy.
In face of more severe injuries from 5.5 Gy of ionizing radiation, the early regenerative attempt fails due to prolonged and more extensive apoptosis in the hair bulb. [18] The hair bulb degenerates and the anagen HF regresses into a short epithelial strand that is still longer than telogen HFs at about 72 hours after injury ( Figure 2 ).
The short epithelial strand is derived and remodelled from outer root sheath cells. Importantly, cells located in its lower tip acquire a secondary hair germ-like primed SC character. These primed SClike cells start to proliferate at about 84-96 hours following injuries and regenerate most of the lower segment structures including the hair bulb ( Figure 2 ). Therefore, outer root sheath cells can exhibit a stem cell-like character as backup precursor cells for AHFR. [18] A successful late regenerative attempt helps to bypass premature catagen entry to resume the same anagen.
| ROLE OF BULG E S TEM CELL S IN AHFR
It has been shown that bulge SCs can only become activated in early anagen during physiological cycling (anagen III), [27, 33] and they remain quiescent in other stages of the hair cycle ( Figure 1A ). The maintenance of the quiescence of bulge SCs is regulated by both intrinsic and environmental inhibitors, such as intracellular Foxc1 and BMPs from the surrounding adipocytes. [36, [54] [55] [56] The quiescence reduces the susceptibility of bulge SCs to injuries, especially genotoxic chemotherapy and radiotherapy. [18, 21, 57] One question that remains is whether bulge SCs can be activated in anagen VI during AHFR? In anagen VI, bugle SCs are located far away from the hair bulb where the germinative cells reside.
When germinative cells are lost from injuries, mobilization of bulge SCs to the germinative zone would take considerable time and also require a complicated signal relay from the germinative zone to the bulge.
We showed that bulge SCs are not involved in early regenerative attempts. [18] Following 2 Gy of ionizing radiation, although bulge SCs are still preserved without undergoing apoptosis, they do not proliferate nor move out of the bulge. Therefore, they are not involved in the regeneration of the lost structures. On the other hand, when HFs are more severely damaged by 5.5 Gy of ionizing radiation, bulge SCs become activated. [18] Interestingly, similar to the physiological telogento-anagen regeneration, they also exhibit slower activation dynamics.
They start to proliferate and move down towards the outer root sheath at a later stage of the late regenerative attempt when the initial hair bulb is already regenerated (Figure 2 a process similar to physiological telogen-to-anagen regeneration. [31] Clinically, cancer patients often receive multiple sessions of chemotherapy and radiotherapy. It has been shown that the susceptibility of HFs to ionizing radiation injuries varies from anagen I to VI. [58] Since maintenance of quiescence might protect bulge SCs from genotoxicity-induced apoptosis, [18, 57] the exit from quiescence into a proliferative state would sensitize bulge SCs to concomitant chemotherapy and/or radiotherapy, leading to reduction in the bulge SC pool. Additionally, whether the activation of bulge SCs in this aberrant time frame affects their self-maintenance and/or self-renewal is to be determined. Since reduction in bulge SC numbers correlates with the miniaturization of HFs, [59] the persistent miniaturization of HFs after radiotherapy and chemotherapy might be the result of bulge SC loss due to their dysrhythmic activation. [60, 61] 
| MOLECUL AR MECHANIS MS OF AHFR
Compared with physiological telogen-to-anagen hair regeneration, the molecular mechanisms for AHFR are relatively unexplored. mTOR signalling regulates a variety of cellular processes, such as metabolism of lipids/glucose/protein, cell proliferation and autophagy. [62] The activation of mTOR signalling in HFSCs is required for telogento-anagen regeneration, [63, 64] while pharmacological inhibition of mTOR signalling in anagen VI does not perturb anagen progression. [23] After ionizing radiation injury, mTOR signalling is activated in the hair bulb. [23] The inhibition of mTOR signalling can sensitize tumor cells to ionizing radiation through suppressing pro-survival signalling as well as reducing apoptotic thresholds. [65] In AHFR, the activation of mTOR signalling not only reduces cell death but also enhances compensatory regenerative proliferation in the hair bulb, thereby accelerating self-repair. [23] Since DNA-damage response can suppress mTOR through p53 signalling, [66] HFs should be equipped with other machinery to bypass this suppression during AHFR. In addition to the regulation of stress response, mTOR signalling also controls cellular F I G U R E 2 Anagen hair follicle repair. In early regenerative attempts following 2 Gy of ionizing radiation injury, the lost germinative cells are quickly replenished by basal lower proximal cup cells. The detailed process of their movement to the germinative zone is unclear. The progeny of basal lower proximal cup cells regenerate all layers of the internal hair follicle structures. After more severe injuries by 5.5 Gy of ionizing radiation, early regenerative attempts fail to repair the damaged hair bulb. In late regenerative attempts, the lower segment recedes into an epithelial strand through remodelling of outer root sheath cells. The cells in the lower tip contacting the dermal papilla acquire a primed stem cell (SC)-like property and regenerate most parts of the lower segments, including the hair bulb. Bulge SCs are activated later and regenerate only part of the upper outer root sheath. DP, dermal papilla; GMC, germinative cell; LPCC, lower proximal cup cell; MXC, matrix cell; ORSC, outer root sheath cell metabolism. [66, 67] It is unclear whether the activation of mTOR signalling in extra-bulge cells also reprogrammes their metabolic state in favour of regeneration.
Wnt signalling is essential for normal anagen maintenance. [68, 69] Ionizing radiation injury suppresses both Wnt ligand production and Wnt signalling in the hair bulb in a dose-dependent manner. [18] Higher and prolonged suppression of Wnt signalling is also correlated with more severe HF dystrophy following exposure to higher doses of ionization radiation. Such correlation suggests that the dystrophic changes of HFs might be mediated by the suppression of Wnt signalling. Because the suppression of Wnt signalling by ionizing radiation relies on intact p53 signalling, [18] it indicates a p53-Wnt axis in HF dystrophy after radiotherapy. On the other hand, reactivation of Wnt signalling is a prerequisite for successful AHFR. [18] Forced activation of Wnt signalling after both radio-and chemotherapeutic injuries can prevent hair loss by promoting the mobilization of progenitor cells in the lower proximal cup. [18] Therefore, targeting Wnt signalling can be a novel strategy to prevent alopecia from radio-and chemotherapy.
In addition to the inhibition of Wnt signalling, hedgehog signalling is also suppressed in HFs after chemo-and radiotherapeutic injuries. [18, 70] Because maintenance of active hedgehog signalling is required for anagen growth, [71] suppression of hedgehog signalling may contribute, at least in part, to dystrophic changes of HFs. In normal anagen, sonic hedgehog ligands are actively produced by matrix cells to maintain hedgehog signalling. [31, 37] The inhibition of hedgehog signalling by chemo-and radiotherapy can be caused by genotoxicitymediated suppression of sonic hedgehog ligand production in the hair matrix. Whether the suppression of hedgehog signalling is regulated by upstream events from chemo-and radiotherapy, such as increased p53 expression or downregulated Wnt signalling, remains to be determined. Modulation of hedgehog signalling can also be a potential treatment to prevent alopecia from chemo-and radiotherapy.
| QUE S TI ON S TO B E SOLVED IN AHFR
There are several issues to be clarified for AHFR (Table 1) fessional macrophages, [72] and the engulfment of apoptotic cells is a tightly regulated process, including signals for "find me" and "eat me". [72, 73] Failure in removing apoptotic cells can lead inflammation and even autoimmunity. [74] In addition to professional macrophages, apoptotic cells can also be engulfed by adjacent non-immune cells. [75] In physiological catagen, the apoptotic HF cells are engulfed by adjacent keratinocytes. [76] Compared with interfollicular keratinocytes, engulfment of apoptotic cells seems to be a unique property of HF keratinocytes, because apoptotic cells in interfollicular epidermis are usually directly extruded but not engulfed. [77] In HFs injured by chemotherapy and radiotherapy, extensive apoptosis is induced through a paracrine effect. [79] One possibility is that the cell movement is achieved by chemotactic factors released from the dying cells or the injured germinative/matrix cells. With such a pulling force, extra-bulge basal epithelial cells might detach from the basement membrane and penetrate across the hair bulb to the germinative zone ( Figure 2 ). This will be the shortest route for the cells to travel to the zones of cell loss.
Alternatively, these cells move along the basement membrane to the germinative zone in a process similar to the "flowing" model, [42, 53] but at a faster rate. Since these extra-bulge basal cells abut dermal sheath across basement membrane, [80] damaged dermal sheath cells might promote their movement through epithelial-mesenchymal interaction.
It is suggested that, in anagen, active cell division creates a mitotic pressure that compresses the dermal papilla and hair bulb cells. [32] The other possibility is that, following injuries, the halt of cell proliferation and the increase in cell death decrease the compressive pressure and form a negative force that pulls cells towards the germinative zone. Accelerating the cell movement can potentially shorten the time needed for AHFR. Third, how do the extra-bulge cells acquire SC-like properties?
TA B L E 1 Questions to be solved for AHFR
It has been shown that stemness and cell fate are acquired properties that can be conferred by the environment. [81, 82] In both early and late regenerative attempts of AHFR, we speculate that dermal papilla might play an instructive role in controlling the cell fate of the extra-bulge cells. Dermal papilla cells have an intrinsic property in reprogramming interfollicular cells into a follicular fate, enabling HF neogenesis to happen. [83] [84] [85] 
| CON CLUS ION
More than 60 years ago, Chase postulated that keratinocytes within the skin, including epidermis and different compartments of HFs, are equipotent and can be converted for hair shaft production when they contact dermal papilla. [2] Over the past decades, it is generally assumed that plastic SCs reside only in the bulge and secondary hair germ. [29, 30] The presence of SCs or cells with SC-like properties in the lower segment of anagen HFs is supported in part by the fact that cells from this part exhibit colony forming ability, a property of SCs. [42] Recent work in AHFR and physiological anagen unveils the high plasticity of extra-bulge epithelial cells in the outer root sheath and the lower proximal cup, [18, 23, 53] supporting Chase's hypothesis.
In AHFR, HFs are able to adopt temporospatially distinct schemes, that is early or late regenerative attempts, for regeneration in adaptation to the severity of injury. [18, 23] AHFR enables more timely restoration of anagen HF structures to resume hair growth by bypassing the regression into catagen/telogen. For prevention of alopecia from injuries to growing HFs, boosting the intrinsic regenerative schemes of AHFR, alone or in combination with other treatments, can prevent hair loss more efficiently. [18] On the other hand, recovery from injury during anagen can often lead to persistent miniaturization of hair or even permanent hair loss, [8, 13, 14, 60, 61] suggesting that potential defects might accompany this type of regeneration. Understanding the underlying mechanisms may help to develop more efficient strategies for hair removal by perturbing the natural process of AHFR. Up to date, the molecular regulation for AHFR remains largely unclear.
With the recognition of these facts, new efforts can be exploited to shed new light on this unique scheme of regeneration in HFs. 
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